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Background Despite the perceived importance of early life nutrition for mental development, few studies have related gestational undernutrition to later-life cognitive functioning. We investigated the consequences of gestational exposure to the Dutch famine of 1944-45 for cognitive functioning at the age of 59 years.
Methods
We recruited men and women who were (i) born in birth clinics in Amsterdam, Rotterdam and Leiden, between January 1945 and March 1946, whose mothers experienced famine during or immediately preceding pregnancy (n ¼ 354); (ii) born in the same three institutions during 1943 and 1947, whose mothers did not experience famine during this pregnancy (n ¼ 292); or (iii) same-sex siblings of those in the first two categories (n ¼ 311). We assessed cognitive performance at the age of 59 years by means of a comprehensive test battery.
Results
All cognitive functioning test scores were within normal ranges for this age group. There were no differences in cognitive performance at the age of 59 years between individuals exposed to gestational undernutrition and those without this exposure. For the general cognitive index, a summary measure across six functional domains (mean 100, standard deviation (SD) 15 points), famine exposure was associated with a decrease of 0.57 points [95% confidence interval (95% CI) À2.41 to 1.28] points. Individuals exposed to famine in gestational weeks 1-10 had a cognitive functioning index 4.36 (95% CI 8.04-0.67) points lower than those without this exposure. Within-sibling-pair analyses gave consistent results.
Conclusion
We found no overall association between maternal exposure to acute famine in pregnancy and cognitive performance of the offspring at the age of 59 years, but cannot rule out an association specific to early pregnancy exposure.
Introduction
During the first half of pregnancy, when neurogenesis (6-18 weeks of gestation) and cell migration (until 26 weeks of gestation) take place, 1 the brain is particularly sensitive to ionizing irradiation, 2 alcohol use, 3 smoking, 4 drug abuse, 5 maternal influenza 6 and stress. 7 In addition, nutrient availability may affect the timing or quality of neural development and/or alter neuronal membrane function and, thus, potentially affect brain functioning and cognitive development. 8 Well-controlled studies have shown that periconceptional folic acid supplementation can prevent neural tube defects, 9 that the risk of schizophrenia is elevated among individuals whose mothers were exposed to severe famine in both The Netherlands 10 and China, 11 and that post-natal nutritional intervention among chronically undernourished populations improves reading performance comparable with an additional year of schooling. 12 To date, the influence of overall maternal undernutrition during pregnancy on cognitive functioning of the offspring has not been well examined. Cognitive functioning is the net result of complex interactions among genetic, biological and environmental exposures experienced over the life course. 13, 14 Studies that relate pre-natal and early post-natal undernutrition to delayed cognitive and psychosocial development 15, 16 are difficult to interpret, as the observed associations may be confounded by social, economic and family factors, including post-natal compensation. 17 The Dutch famine in World War II (the 'Hunger Winter' of 1944-45) provides a unique opportunity to investigate the long-term consequences of undernutrition at defined stages of gestation. In earlier studies, there was no detectable adverse effect of gestational undernutrition on IQ, assessed by Raven Progressive Matrices scores among 19-year-old men, 18 and a change in one out of four selected measures of cognition in 59-year-old men and women. 19 We investigate in the current study whether severe undernutrition of the mother immediately preceding or during pregnancy affects cognitive function of their offspring in late middle age, including a wide array of functional assessments. We hypothesized that undernutrition during sensitive periods of pregnancy, specifically exposure to famine at Weeks 1-10 and Weeks 11-20 of gestation, would be associated with lower cognitive performance compared with controls. This hypothesis is based upon the knowledge that the neurogenesis of cerebral cortical neurons and migration is largely completed in the first half of pregnancy. 1 Conversely, lack of an association of gestational undernutrition with cognitive functioning at the age of 59 years would suggest that adaptive mechanisms in pregnancy can protect the fetus from maternal food shortage. 20 
Materials and Methods

Setting
During the Dutch Hunger Winter of 1944-45, the per capita food availability was reduced dramatically as a result of a German embargo on rail transport and a relatively extreme winter, which led to frozen canals. 21 The availability of food before, during and after the famine has been reported widely elsewhere. [22] [23] [24] Prior to this period, the Dutch population had access to adequate food supplies. By November 26, 1944 , official rations in the western Netherlands had fallen below 900 kcal/day. They were as low as 500 kcal/day by April 1945. The famine ended immediately after the liberation on May 5, 1945.
Selection of participants
We identified 3307 live-born singleton births at three institutions in famine-exposed cities: the midwifery training schools in Amsterdam and Rotterdam and the university hospital in Leiden. We selected (i) all 2417 births between February 1, 1945 and March 31, 1946 (infants whose mothers were already $2 months pregnant when the famine started, or who conceived during the famine or in the month following its end) and hence were exposed to a ration of <1000 kcal/day for at least 3 months of pregnancy and (ii) a sample of 890 births from 1943 and 1947 (infants whose mothers did not experience famine during this pregnancy) as time controls (Figure 1 ). The sample of controls included an equal number of births for each month, allocated across the three institutions according to their size. At that time, the large majority of deliveries (570%) were scheduled to occur at home. The client mix at the two midwifery schools consisted of low-risk pregnancies to women of lower socio-economic status whose home environment was unsuitable for delivery. The client mix in Leiden also included higher-risk pregnancies identified during pre-natal care and emergency admissions following complications of labour or delivery.
Recruitment and examination
We provided the names and addresses at birth of all 3307 persons to the population register in the municipality of birth. According to the registry records, 308 (9%) had already died in The Netherlands and 275 (8%) had emigrated. The population registry in Rotterdam refused to trace 130 (4%) persons born out of wedlock and for 294 subjects (9%) a current address could not be located. Final address information was obtained for 2300 offspring (68% of the exposed individuals and 73% of the time controls). All 2300 traced individuals were sent a letter of invitation signed by the current director of the institution in which they were born, a brochure describing the study and a response card. We mailed one reminder letter to non-responders. Initially, our study design called for the recruitment of same-sex sibling pairs; hence the lack of an available sibling was a reason for ineligibility. We received a reply from 1767 people, 347 of whom expressed willingness to participate in a telephone interview and clinical examination together with a same-sex sibling. In the end, 324 of the siblings agreed to participate. Among the 1420 people who declined, 951 reported not having a same-sex sibling available for study. To increase the overall number of participants, we then attempted to enrol these 951 individuals and 381 agreed to participate in full and 23 by responding to a mailed questionnaire. This results in 1075 positive responses: 751 from the 2300 traced individuals and 324 same-sex siblings. We confirmed that the date of birth of all siblings fell outside the famine exposure period, for their use as unexposed controls. 21 We conducted a telephone interview and followed this with an examination at the Leiden University Medical Center in 2003-05. We scheduled each member of a sibling pair independently; they were permitted to attend together. Most of the examinations were conducted within 6 weeks of the telephone interview. The study protocol was approved by the medical ethics committees of the participating institutions. Participants provided verbal consent at the start of the telephone interview and written informed consent at the start of the clinical examination.
Cognitive test battery
We administered a well-established battery of tests of cognitive functioning. [25] [26] [27] Visual verbal word learning task This test assesses learning capacity as well as recall and retrieval from long-term memory. 28 A set of 15 words was presented in a fixed order at 2-s intervals in each of three trials. The words were all monosyllabic meaningful Dutch words that occur frequently, are acquired early in life and easily evoke a mental image. At the end of each trial, respondents were asked to recall as many words as possible, regardless of order. The total recall [word learning task (WLT) (WLTtot)] over the three trials was used as a measure of encoding. Twenty minutes after the last trial (during which time other tasks were performed), the subjects were asked to reproduce the set of words [delayed recall (WLTdr)] to determine memory retrieval. We used two parallel test versions of the WLT in order to prevent exchange between siblings and controlled for WLT test version in the analyses.
The Stroop colour-word interference test
This measures selective attention. 29, 30 The test consists of three subtests, involving three cards displaying 40 stimuli each: colour names printed in black (subtask I), coloured patches (subtask II) and colour names printed in one of the other colours (subtask III). For subtask I, subjects had to read aloud the printed items, for subtask II they had to name the colour of the patches and for subtask III they had to name the ink colour of the printed words. The outcome of this test was the time (in seconds) needed to complete each subtest. The mean speed for subtasks I and II was used as a measure of general information processing speed (Str12). The speed for subtask III was used as a measure of colour word interference susceptibility (Str3). The letter-digit-substitution-test This is related to the Symbol-Digit Modalities Test developed by Smith, 31 which originates from the Digit Symbol Test developed by Wechsler. 32 The letterdigit-substitution-test (LDST) measures the efficiency of operations in working memory. 33 At the top of the test sheet, a box was presented in which nine numbers were linked with nine letters in a random order. Subjects were asked to copy as many corresponding numbers as possible to boxes on the rest of the page which contained only the letters. The total number of correctly copied items in 1 min was used.
Verbal fluency
The participants completed a verbal fluency task 34 as a measure of retrieval from long-term semantic memory. Subjects had to name as many animals as possible within 1 min. Verbal fluency is considered a measure of the adequate, strategy-driven retrieval of information from semantic memory. The number of animals named was used.
General cognitive index
We constructed a single compound measure based on the WLTtot, WLTdr, Str12, Str3, LDST and verbal fluency (FLU). The WLTtot, WLTdr LDST and FLU were direct-coded, with higher scores denoting higher cognitive functioning, whereas the Str12 and Str3 are measures of time and hence a higher score reflects poorer functioning. The signs of the scores for the Str12 and Str3 were reversed before computing the general cognitive index (GCI). The GCI was calculated as the sum of the standardized test scores and was then itself standardized to a mean of 100 and a standard deviation (SD) of 15. 35 Protocol adherence was scored on a six-point scale, varying from 'complete and reliable' to 'test not administered'. The tests were administered according to procedures developed for the Maastricht Aging Study. 36, 37 Other measures Schooling attainment was coded according to an eight-level classification: 38 (i) elementary, (ii) lower vocational, (iii) intermediate secondary, (iv) intermediate vocational, (v) higher secondary, (vi) higher vocational, (vii) university and (viii) scientific (PhD level). For the present study, we categorized schooling as low (levels 1-4) or high (levels [5] [6] [7] [8] .
Smoking status and alcohol consumption were ascertained by questionnaire. We coded smoking as current vs other. We categorized alcohol consumption as 21 or more drinks per week vs fewer than 21 drinks per week. We used the Mini-Mental State Examination (MMSE) 39 to screen for an increased risk for dementia and excluded the seven participants with an MMSE score lower than 24.
Exposure to famine As previously described, 21, 40 we defined the start of each gestation by the date of the mother's last menstrual period (LMP) as listed on the birth record, unless this information was missing or implausible (12%). In these cases, we approximated the date of LMP from the date of birth and estimates of gestational age recorded on the birth record or from a gestational age estimate based on sex-and parity-specific birth weights of singleton live births at the Amsterdam midwives school and the University of Amsterdam Department of Obstetrics between 1931 and 1965 at each gestation between 24 and 46 weeks. 41 We characterized exposure to famine during gestation by determining the gestational ages (in weeks after the LMP) during which the mother was exposed to an official ration of <900 kcal/day between November 26, 1944 Because these time windows overlap, the participants can be considered exposed during none, one or (at most) two 10-week periods; those exposed in at least one 10-week period were considered to have some exposure to famine. In addition, we defined a period of exposure immediately prior to conception as exposure to a ration of <900 kcal/day for at least 10 weeks prior to the date of LMP. Conceptions between February 3, 1945 and May 11, 1945 met this definition.
Statistics
All data were entered in the database twice and inconsistencies were checked against the original coding sheets. No data transformations were considered necessary as the unstandardized residuals were normally distributed. Statistical analyses were performed using Stata (StataCorp, College Station, TX, USA) using a significance level of P < 0.05. We used analysis of variance (ANOVA) and Chi-squared tests to evaluate the differences in continuous and categorical distributions, respectively, among the three groups (exposed, time controls, sibling controls). We used linear regression analyses to estimate the association between famine exposure and cognitive performance at the age of 59 years. We used the combined population of time and sibling controls as the reference category and controlled for family clustering using the cluster () option. We controlled for age (centered), age 2 (centered; to account for non-linear age effects), hospital of birth of the hospital-born sibling, sex, alcohol, smoking and test version (for WLTtot and WLTdr). We did not control for attained schooling as this may be intermediate in any pathway. We used linear regression with dummy variables for the four different exposure groups (exposed in Weeks 1-10, 11-20, 21-30 or 31 weeks until delivery) to investigate whether specific vulnerable or critical periods could be identified. We tested for overall significance of the periods of gestational exposure using a 4-degree of freedom (df) Wald test. We replicated the above analyses using a withinsibling-pair analysis. We computed the within-pair difference in each measure of cognitive functioning and used this as the dependent variable in regression models together with the hospital of birth of the hospital-born sibling and the within-pair differences of the above covariates.
Results
Birth characteristics by follow-up status Cumulative mortality was highest among probands born in 1943 (10.4%) and lowest among probands born in 1947 (6.0%). Emigrant status or other reasons why a current address was not found did not differ by year of birth or period of exposure to famine. There were no clinically significant differences in mean birth weight, crown-to-heel length, placental weight, maternal age at delivery or birth order between the birth records of participants traced to a current address and those who had either died, emigrated or had not been located. Similarly, there were no meaningful differences between traced and untraced study subjects or between interviewed and non-interviewed subjects among those who were traced. 21 Final sample for analysis Nine hundred and seventy-one participants attended the clinic for examination. We excluded 25 participants (MMSE <24 as an indication for dementia (2 exposed, 3 time controls, 2 siblings), not motivated (1 exposed, 2 time controls), not having Dutch as native language (1 time control), having physical limitations (1 exposed, 1 time control) or incomplete data on one or more cognitive measures (5 exposed, 3 time controls, 3 siblings). The final sample consisted of 946 individuals (Figure 1 ). There were differences across the three groups in age ( Table 1) . As reported previously, famine-exposed participants were heavier than both the time and the sibling control groups. 40, 42 Other characteristics were similar across the three groups and were within the ranges observed in other Dutch populations. 28, 30, 33 Exposure to famine and cognitive functioning Table 2 shows the cognitive test results for each of the three exposure groups. There were no substantive differences among the groups on any test and the GCI for all three groups was within 0.8 points. Table 3 presents the results for the four gestational windows. For each test and for the GCI, individuals exposed in Weeks 1-10 had somewhat poorer scores than did those with exposure in other periods and participants exposed in later gestation had scores somewhat better than those with exposure in other periods, but these differences did not reach statistical significance (Wald score for each test P40.05). The difference in GCI between individuals exposed in early vs late gestation was 5.33 points ($1/3 SD).
Exposure to famine at any point during gestation was associated with a 0.57 (95% CI À2.41 to 1.28) point decrease in the GCI (Table 4 ). In the sibling-pair analysis, any exposure to famine was associated with a 1.03 (95% CI À4.97 to 2.91) point decrease in the CGI. For WLTtot, WLTdr, FLU, LDST and general cognitive index, higher scores denote higher cognitive functioning; for Str12 and Str3, higher scores denote poorer cognitive functioning. For WLTtot, WLTdr, FLU, LDST and general cognitive index, higher scores denote higher cognitive functioning; for Str12 and Str3, higher scores denote poorer cognitive functioning.
When the whole sample was considered in a single model, maternal exposure in early gestation appeared to be associated with somewhat poorer cognitive functioning across all measures, although only some estimates reached statistical significance (Table 5) . For the CGI, the estimate was a reduction of 4.37 (95% CI 0.67-8.04) points. We observed increases in measures of cognitive functioning with exposure in later gestation, which was for WLTtot statistically significant [an increase of 1.44 (95% CI 0.37-2.51) points]. The within-sibling-pair analysis was consistent with these results (Table 6 ).
All the previous results were consistent with simpler models that controlled only for age and sex. Finally, there was no evidence of a statistical interaction between sex and maternal exposure to famine on cognitive performance of the offspring (P for heterogeneity all 40.2; data not shown).
Discussion
We investigated whether severe maternal undernutrition during pregnancy would predict cognitive function of their offspring in late middle age. We observed no association with exposure in pregnancy in general, but cannot exclude that exposure to famine early in gestation is associated with a small change in cognitive performance at the age of 59 years.
Our study may be best understood within the framework of the 'cognitive reserve' hypothesis, which states that the cognitive performance of people with reduced reserve may be more vulnerable to age-related changes of the brain as compared with people with normal reserve. Both biological and psychological factors are important for development of greater cognitive reserve. 43 For optimal development, the brain requires an adequate nutritional status in order to provide suitable circumstances for dendritic outgrowth, the formation of synaptic spines and development of more efficient neuronal networks. A brain that has developed optimally is better suited to help the organism to adapt to a changing environment, to process information as efficiently as possible and also to learn from experience. We hypothesized that gestational undernutrition in crucial phases of fetal development would have a major impact on the development of essential structural elements of the brain and thus constrain the biological boundaries within which the brain develops. The resulting lower capacity would lead to a lower brain reserve capacity and hence to lower cognitive performance especially in conditions in which the physiological processing of the brain is compromised such as at older ages. Our population was tested at average age of 59 years, an age at which cognitive variability between individuals has become substantial. 44, 45 The current study was well controlled and involved a large sample (n ¼ 946), providing adequate power to observe moderate effect sizes. The quasi-experimental Values represent within-pair difference (exposed-unexposed) in respective measure. Estimates were obtained by linear regression and were adjusted for hospital of birth of the hospital-born sibling and within-pair differences in the above covariates. Test of association of all four periods of exposure considered as a group (Wald test, 4 df). *P < 0.05. exposure is a particular strength, as is the use of sibling controls, who share childhood home and other environments that influence cognitive development. For within-pair analyses, the available sample is more limited. Some potential threats to validity must nevertheless be considered. Persons who were already suffering from more cognitive dysfunction might have been less willing to participate in the current study compared with persons who were not. This potential bias is unlikely, however, as our data show no difference in important baseline characteristics comparing traced and untraced persons or interviewed and noninterviewed persons and do not show any difference in participation rates by time-period of pre-natal exposure. Still we cannot exclude a possible underreporting effect of this factor. In the current study, we focus on maternal famine exposure during pregnancy as the primary risk factor for offspring cognitive performance in late adulthood. Famine exposure is not just a period of undernutrition and relevant exposures might also include mental stress and exposure to cold. Study participants will have been exposed, furthermore, to additional risks and protective factors during life. In the current study, these aspects were controlled by including both time controls and sibling controls, achieving considerable control for genetic as well as social and economic factors. Finally, the pregnant women in our study were exposed to an acute famine of limited duration brought about by conditions of war.
Although we have no direct birth or childhood measures of brain functioning, our results seem to reaffirm the understanding that the developing brain is somewhat protected against maternal nutritional deprivation in later gestation, provided that the psychomotor stimulation of the baby is adequate. 46 Our results speak only to famine exposure during gestation and hence should not be generalized to the effects of chronic undernutrition as occurs in developing countries, nor with chronic malnutrition in Western populations in special categories such as in anorexia patients.
Our results extend the findings of Stein and colleagues who investigated 125 000 male recruits at age 19 years 18 and did not find an effect of exposure to the Dutch famine on adult mental performance. The absence of significant associations in the study of Stein could have been due to the age of the participants as, at the age 19 years, cognitive development is still a dynamic ongoing process, as brain development is now known to proceed until the third decade of life; 47 or it could have been due to the limited sensitivity of the assessment tool, the Raven Progressive Matrices test, to assess executive functioning. The rationale behind the present study was that a subtle effect of severe maternal undernutrition on brain development during pregnancy might eventually become evident in a phase where age-related deterioration in the physiological functioning of many organs is occurring.
In a recent report of individuals born during the Dutch famine, 737 men and women from Amsterdam were examined at the age of $59 years on four measures of cognition. 19 No association was seen with a general intelligence test, a memory task or a perceptual motor learning task. A Stroop-like selective attention task was associated with pre-natal famine exposure. This was interpreted as an early manifestation of accelerated cognitive aging after pre-natal famine. This test was differently operationalized in comparison with the original Stroop test as used in our study which might explain the inconsistent results.
It remains uncertain whether these results would differ if the study were to be repeated at a later age, when individual differences are likely to be larger. Therefore, there are good reasons to repeat this study again in the future and to then also evaluate other, more sensitive, indicators of limited brain reserve capacity such as neuroenergetic problems, depressed mood states or mild cognitive impairments and complaints.
In conclusion, we found no overall association between maternal exposure to acute famine in pregnancy and cognitive performance of the offspring at the age of 59 years, but cannot rule out an association specific to early pregnancy exposure.
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KEY MESSAGES
Individuals exposed to famine during gestation do not differ in cognitive functioning at mean age of 58 years compared with individuals born before the famine or conceived after it, or compared with unexposed same-sex siblings.
